Polyalanine (polyAla) tract expansions have been associated with an increasing number of human diseases. Here, we have undertaken a functional study of the effects of polyAla expansions in the context of the transcription factor FOXL2, involved in cranio-facial and ovarian development. Using two cellular models, we show that FOXL2 polyAla expansions lead to protein mislocalization and aggregation in a length-dependent manner. The fraction of cells containing cytoplasmic staining displays a sigmoidal relationship with respect to the length of the polyAla tract, suggesting the existence of a threshold length above which protein mislocalization occurs. The existence of such a threshold might be rationalized if we consider that the longer the polyAla tract is, the higher its tendency to misfolding or to inducing spurious interactions with cytoplasmic components. To study the intranuclear dynamics of polyAla-expanded FOXL2, we performed fluorescence recovery after photobleaching experiments. The most unexpected result concerned the pathogenic protein containing 19 Ala residues in the run, which was virtually immobile, although this variant does not present a classical aggregation pattern. Luciferase assays and real time RT -PCR of many potential target genes showed that polyAla expansions induce different losses of activity according to the target promoters tested. We provide molecular explanations for these findings. Although our main focus is the mechanisms of pathogenesis of polyAla-expanded proteins, we discuss the potential relevance of polyAla length variation in micro-and macroevolution because polyAla-containing proteins tend to be transcription factors.
INTRODUCTION
An increasing number of diseases have been shown to be caused by expansions of polyalanine (polyAla) tracts (1) . This class of disorders includes blepharophimosis ptosis epicanthus inversus syndrome (BPES, caused by mutations of FOXL2) (2), synpolydactily type II (HOXD13) (3), cleidocranial dysplasia (RUNX2) (4), holoprosencephaly (ZIC2) (5), hand-foot-genital syndrome (HOXA13) (6) , mental retardation with growth hormone deficiency (SOX3) (7), Partington syndrome (ARX) (8) , congenital central hypoventilation syndrome (PHOX2B) (9) and occulopharyngeal muscular dystrophy (PABPN1) (10) . All these genes, with the exception of PABPN1, encode transcription factors involved in developmental processes. PolyAla tracts are encoded by heterogeneous GCN codon repeats and are usually short and stable during meiosis and mitosis. The longest polyAla tract in the human genome in non-pathogenic condition is found in PHOX2B and involves 20 residues (11).
Here we concentrate on the FOXL2 gene, whose mutations lead to autosomal dominant BPES syndrome. This genetic disorder is characterized by palpebral anomalies associated (BPES type 1) or not (BPES type 2) with premature ovarian failure (POF) (12) . FOXL2 encodes a forkhead transcription factor, which plays a key role in ovarian development (2, 13, 14) and probably in adult ovarian function. In addition to its forkhead DNA-binding domain, FOXL2 carries a polyAla tract of 14 residues strictly conserved among mammals (15, 16) . Several kinds of mutations have been identified including extragenic rearrangements and mutations in the coding sequence (details in the human FOXL2 mutation database at http://medgen.ugent.be/foxl2). PolyAla expansions of þ10 residues (i.e. Ala24) have been identified in 30% of patients and are mainly responsible for BPES type 2 (i.e. absence of ovarian phenotype). However, recent evidence suggests an effect of polyAla expansions on ovarian dysfunction. Some cases of heterozygous Ala24 and one case of Ala26 (17) expansion have been associated with ovarian dysfunction. In addition, we have recently reported the first homozygous FOXL2 mutation leading to a polyAla expansion of þ5 residues (Ala19) (18) . This mutation segregates in an Indian family where heterozygous mutation carriers are unaffected, whereas homozygous individuals have the typical BPES phenotype, with proven POF in one female. We have shown that the wild-type (WT) FOXL2 protein (i.e. Ala14) exclusively localizes in the nucleus in a rather diffuse manner. On the contrary, a polyAla expansion of þ10 alanines (Ala24) leads to strong cytoplasmic staining as well as cytoplasmic and nuclear aggregation in COS-7 cells (19) , whereas an expansion of þ5 alanines (Ala19) only leads to cytoplasmic staining in a small fraction of transfected cells and no detectable aggregation using fluorescence microscopy (18) .
PolyAla expansions in PABPN1 and Arx lead to intranuclear aggregation and cell death (20, 21) . In these cases the expansions are supposed to induce a toxic gain-of-function. PolyAla expansions in Hoxd13, HOXA13, RUNX2, SOX3 and PHOX2B have been shown to induce cytoplasmic mislocalization and cytoplasmic and nuclear aggregation of these nuclear proteins (19, (22) (23) (24) . In vivo studies of a polyAla expansion in Hoxd13, using a natural mouse mutant spdh (which displays synpolydactily), showed a reduction of the mutant protein level and its cytoplasmic mislocalization (23) . Finally in ZIC2, an expansion of þ10 alanines (from 15 to 25 residues) does not induce any visible aggregation while a longer expansion (Ala35) induces nuclear and cytoplasmic aggregation (25) . Moreover, an impaired capacity of transactivation due to polyAla expansions has been shown for ZIC2, PHOX2B and SOX3 using luciferase reporter constructs (22, 24, 26) . These recent data have given some insights into the comprehension of the pathogenesis associated with polyAla expansions. However, the mechanism by which these expansions operate to induce the pathology remains elusive. Indeed, polyAla expansions may act by several mechanisms. First, they might induce a toxic gain-of-function (neomorphic allele), probably through the formation of aggregates, as it has been suggested for PABPN1 and Arx. Second, they might induce a dominant negative effect (antimorphic allele) through the sequestration of the WT protein, and even other factors (trans-dominant negative), in the aggregates. This hypothesis has been suggested for at least three factors, Hoxd13, FOXL2 and PHOX2B, for which it has been shown that the WT proteins are retained in the aggregates when co-expressed with the expanded proteins. The third hypothesis is that the expansion simply induces a loss-of-function (amorphic or hypomorphic allele depending on the polyAla length) through aggregation and cytoplasmic retention, which prevent the relevant transcription factor to reach its target genes.
In this study, we aim to provide better understanding of the molecular consequences of the expression of an allelic series of FOXL2 leading to various polyAla expansions, through the analysis of protein localization, mobility and function. This study, taking FOXL2 as a model, not only provides insights about the process of abnormal protein aggregation, but also about the way polyAla length might regulate transcription factor activity.
RESULTS AND DISCUSSION
PolyAla expansions in FOXL2 lead to its sequestration in the cytoplasm and its aggregation in a length-dependent manner
To characterize the impact of the length of polyAla expansions on the localization and aggregation of FOXL2, we generated a series of constructs driving the expression of FOXL2 containing polyAla tracts of different lengths (FOXL2-Ala14, 17, 19, 20, 21, 24, 30, 37, respectively) in fusion with the green fluorescent protein (GFP). These constructs were transiently transfected in two different cell lines: COS-7 (Monkey Cercopithecus aethiops kidney cell line) and KGN (a human granulosa-like cell line) (27) . We evaluated the percentage of cells displaying cytoplasmic staining and aggregation, as well as, nuclear staining and aggregation by direct visualization using fluorescence microscopy. In both cell lines, cytoplasmic staining became statistically significant for FOXL2 containing 19 alanines and increased with the length of the polyAla (Fig. 1A) . For Ala37, 100% of the cells displayed cytoplasmic staining.
Several not mutually exclusive hypotheses might explain the cytoplasmic mislocalization of FOXL2. First, polyAla expansions might induce a protein misfolding that disturbs interactions with nuclear transporters. We have shown that FOXL2 contains a classical nuclear localization signal (NLS) and a non-canonical one (28) . Second, oligomerization might lead to the presence of structures whose size is incompatible with the import through the nuclear pores, yet small enough not to be considered as aggregates using light microscopy. This might explain the presence of diffuse fluorescence observed in the cytoplasm of a fraction of transfected cells. Alternatively, there might be cytoplasmic components that interact with long polyAla tracts and retain the mutant protein. However, even if we do not know the details of FOXL2 nuclear import, cytoplasmic mislocalization of the mutant cannot be explained by a saturation of the transporters because it is never observed for the WT protein.
To evaluate a potential link between cytoplasmic staining and aggregation, we calculated the ratios between the percentage of cells displaying cytoplasmic aggregation to those with cytoplasmic staining. If the two processes were directly linked, we would expect a constant ratio. However, we found that these ratios increased with the length of the polyAla (Fig. 1B) .
We further analyzed the level of cytoplasmic staining according to the length of the polyAla repeat. The graphs representing the levels of cytoplasmic staining versus the number of alanines in the repeat can be fitted to sigmoids and the inflexion points were graphically determined at 20 Ala residues for both cell lines (Fig. 1C) . This suggests the existence of a threshold for the polyAla length above which protein mislocalization occurs. The existence of such a threshold might be explained considering that the longer the polyAla tract is, the higher its tendency to misfolding or to inducing spurious interactions with cytoplasmic components in a cooperative way. Interestingly, a length of 20 residues (as our threshold) corresponds to the longest polyAla tract found in mammals in non-pathogenic conditions, observed in PHOX2B (11) . This might be a selected property of the polyAla-containing sub-proteome, which consists mainly of transcription factors (11, 29) to avoid cytoplasmic mislocalization and aggregation upon an even slight increase of polyAla length.
Nuclear staining was detected in almost 100% of the cells transfected with constructs ranging from Ala14 to Ala24 in both cell lines, and this percentage decreased for Ala30 and Ala37 proteins ( Fig. 2A) . In COS-7 cells, nuclear aggregation was weak whatever the expressed protein (2 -15% of cells) and the highest level of nuclear aggregation was observed for Ala24 (i.e. significantly higher than for Ala21 and Ala30, Fig. 2A ). This can be explained by the high levels of cytoplasmic aggregation and retention of FOXL2-Ala30 and 37, which hinders or even prevents nuclear import. Thus, when considering the ratio of the percentage of cells displaying nuclear 
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Human Molecular Genetics, 2008, Vol. 17, No. 7 aggregation over nuclear staining, FOXL2-Ala30 and 37 were not statistically different from Ala24 (Fig. 2B) . In KGN cells, nuclear aggregation was stronger and rose to over 75% of cells displaying nuclear staining for Ala24 to 37. KGN cells are able to express FOXL2 but since we are overexpressing both WT and mutant exogenous FOXL2, the contribution of the endogenous protein to the effects observed can be disregarded. The ratios nuclear aggregation/nuclear staining for the various polyAla lengths were positively correlated with the ratios cytoplasmic aggregation/cytoplasmic staining in both cell lines (r ¼ 0.84, P ¼ 0.009 for COS-7 and r ¼ 0.97, P ¼ 9.10 25 in KGN, Fig. 2A and B). This behaviour suggests that these FOXL2 variants are intrinsically aggregation prone in both subcellular compartments.
We have also found that the proportion of cells displaying aggregation as a function of the polyAla length are well correlated in both cell lines but are more important, in absolute terms in KGN cells, particularly for nuclear aggregation. However, this is not due to a higher expression of FOXL2 variants in KGN cells, as COS-7 cells display an expression level about three times higher than that of KGN cells (estimated as explained in Materials and Methods section). Then, the difference in aggregation between the two cell lines suggests the existence of a strong impact of the cellular proteome on this process. This can be due to different expression levels of proteins involved in folding and of modulators of the aggregation process such as heat shock proteins, ubiquitin conjugation or the proteasomes. It cannot be excluded, although unlikely, the existence of a species-specific effect on protein aggregation (Homo sapiens versus C. aethiops).
PolyAla expansions affect the intranuclear mobility and transcriptional activity of FOXL2
In order to evaluate whether polyAla expansions impair intranuclear mobility of FOXL2 even when no aggregation is detectable by fluorescence microscopy, we used fluorescence recovery after photobleaching (FRAP) on COS-7 transfected cells. This assay consists of bleaching a small portion of a cell expressing a fluorescently tagged FOXL2 and measuring the recovery of fluorescence in the bleached portion. The measure of the time required to recover half the maximum of fluorescence (t 1/2 ) is inversely proportional to protein mobility. We focused on intranuclear protein mobility and tested all our constructs except Ala30 and Ala37, which display only weak nuclear staining (Fig. 3) . Recovery of fluorescence of FOXL2-Ala17 displayed an average t 1/2 of 14.4 s (+4.7 s), which was significantly higher than that of the WT protein (8.5 + 5.5 s, P ¼ 0.03). The most striking result concerned Ala19 protein, which was found to be virtually immobile. Interestingly, this variant does not present with aggregation detectable in our light microscopy conditions. As expected, . Cytoplasmic staining was significantly reduced for Ala30 and 37 variants in both cell lines (P , 0.001). Nuclear aggregation was increased significantly for Ala24 to Ala37 (COS-7) and Ala21 to Ala37 (KGN) with at least P , 0.05. (B) Percentage of cells displaying nuclear aggregation out of those displaying nuclear staining (nuclear aggregation/nuclear staining Ã 100). These percentages are statistically higher than Ala14 from Ala24 and Ala21 to Ala37 (in COS-7 and KGN respectively) with at least P , 0.05. 1014
the mobility of proteins containing .20 Ala residues in the tract was also severely compromised in the nuclear compartment. In all these cases the t 1/2 could not be determined. Next, we studied the impact of aggregation, mislocalization and altered mobility of polyAla-expanded FOXL2 on its transcriptional activity. For this, we used two reporter constructs previously described: 3XGRAS-luciferase (GRAS-Luc) and DK3-luciferase (DK3-Luc). The GRAS-Luc construct contains three repeats of the GnRH receptor activating sequence (GRAS) recognized by FOXL2, coupled to the firefly luciferase reporter gene (30) . The DK3-Luc construct corresponds to 1055 bp of the FOXL2 promoter of the goat also coupled to the firefly luciferase reporter (31). Both constructs have been shown to be activated by FOXL2 in cellular models. We performed the transfections in KGN cells that naturally express FOXL2 and constitute a suitable cellular model to study its activity. The cells were transfected with (i) the GRAS-Luc or DK3-Luc construct and (ii) one of the construct coding for a FOXL2-GFP variant or the empty GFP vector. As expected, in both cases WT FOXL2 (Ala14) induced an increase of luciferase activity when compared with the GFP empty vector (Fig. 4) . Interestingly, the various polyAlaexpanded versions showed different behaviours according to the reporter system used. With the GRAS-Luc construct, the activity of Ala17 was not significantly different from that of Ala14, whereas all other constructs failed to increase the reporter gene expression (i.e. activity similar to that of the empty vector in pair-wise comparisons). In contrast, with DK3-Luc reporter, the luciferase activity observed for Ala17, 19, 20 and 21 was not significantly different from that of Ala14, whereas lack of transcriptional activity appeared for FOXL2 containing 24 Ala residues or more in the repeat.
In spite of the reduced mobility of the FOXL2-Ala17, the luciferase assays revealed that this variant displays a transcriptional activity similar to that of the WT with both reporter systems. This shows that a mild decrease in the mobility of the protein does not automatically translate into a significant reduction of transcriptional activity. If this is so, why has an allele encoding FOXL2-Ala17 never been detected in normal populations? We can propose several explanations: (i) such an allele might be difficult to be generated by either polymerase slippage or unequal crossing over, (ii) it cannot be excluded that FOXL2-Ala17 has a reduced activity on a specific set of target promoters and (iii) alternatively, a decreased mobility may reflect some aggregation and misfolding that do not affect the protein activity in standard conditions, whereas some circumstances, such as cellular stress, might induce a significant loss of activity. These conditions might be encountered either in development or during adult life. Since this factor is essential for female fertility, any slightly functionally impaired variant would be counterselected, which could explain the extreme conservation of the length of the FOXL2 polyAla in mammals (15, 16) .
The luciferase assays have shown that longer polyAla expansions induce a loss of activity that is different according to the promoters tested. This result suggests the existence of different sensitivities of the target promoters to the decreased availability of FOXL2 due to aggregation and mislocalization. This leads to situations, epitomized by the Ala19 variant, where the protein appears to be non-functional when acting on the GRAS promoter, whereas it behaves like the WT on the DK3 promoter.
In order to further test the idea that different promoters have different sensitivities to a decreased availability of FOXL2, we studied the activation of 17 genes whose expression has been shown to be increased by FOXL2 overexpression in KGN cells and thus are putative target genes having an impact on different biological pathways (32) . These genes are mediators of inflammation and apoptosis, transcriptional regulators, factors involved in cholesterol metabolism and factors involved in reactive oxygen species detoxification. Specifically, we analyzed by real time RT -PCR the expression levels of the relevant genes in cells transfected with either FOXL2-Ala14, FOXL2-Ala24 or an empty vector (mock control). Then, we calculated the ratios between the fold induction levels of the relevant genes induced by the overexpression of FOXL2-Ala14 over FOXL2-Ala24 (Ala14/Mock/Ala24/Mock). A ratio of 1 represents identical transcriptional activity for Ala14 and Ala24. For 10 out of the 17 genes, a statistically significant increased ratio was observed. No significant difference was observed for the remaining seven genes (Fig. 5) .
Theory predicts that different target promoters will have different sensitivities to decreased amounts of available (i.e. soluble) FOXL2. Two non-exclusive models can be proposed (Fig. 6) . When promoters contain the same number of binding sites, the ones displaying a higher affinity for FOXL2 will be fully activated with a lower concentration of this factor (being less sensitive to its decreased availability). Otherwise, when promoters contain sites with similar affinity for FOXL2, the ones displaying a higher number of binding sites are expected to be less sensitive to a decrease of available FOXL2 (33) .
General discussion
Aggregation seems to be a common feature of polyAla-expanded proteins and has been described for almost all other factors carrying pathogenic polyAla expansions. In particular, five of these factors (HOXD13, HOXA13, RUNX2, SOX3 and PHOX2B) display similar localization/aggregation features as FOXL2. Interestingly, studies of the intracellular localization of homopolymeric amino acids tracts have shown that polyAla tracts ranging from 29 to 35 residues fused to the YFP (yellow fluorescent protein) are located exclusively in the cytoplasm (whereas the YFP alone is located in a diffuse manner in the nucleus and the cytoplasm) but do not show any obvious aggregation (34, 35) . These fusion proteins do not contain any NLS and nuclear localization of the YFP is due to passive diffusion as it is a small protein (30 kDa). The strict cytoplasmic staining of proteins containing at least 29 alanines is supposed to be a consequence of a self-association mechanism dependent on polyAla length that leads to oligomers unable to pass through the nuclear pores. However, as mentioned above, long polyAla tract might also have a high affinity for cytoplasmic components, which might explain cytoplasmic retention. One of the most noticeable differences between YFP fusion proteins and FOXL2 is that aggregation appears from 19 Ala in FOXL2, whereas it is undetectable even for Ala35-YFP. This result suggests that a long polyAla tract alone is not sufficient to induce aggregation but may prevent nuclear localization. Then, the aggregation observed for FOXL2 and other factors, in particular HOXD13, HOXA13, RUNX2, SOX3 and PHOX2B, may be due to other elements common to these proteins. Indeed, all these proteins have other amino acid runs in particular polyGly, polyPro, polyHis or polyGln (29, 36) . We can hypothesize that these sequences might play a role in aggregation when the polyAla tract is expanded. On the other hand, the amino acids that flank the polyAla influence the conformation of this region, which might modulate aggregation. For instance, simulations have suggested that four of the seven A residues in the peptide Ac-X 2 -A 7 -O 2 -NH 2 (where X denotes diaminobutyric acid; A, alanine and O, ornithine) have a conformational preference for b-strand (an aggregation prone structure) or extended structure (37), whereas a similar . Two alternative models explaining the differential effects of polyAla expansions in the eyelid and in the ovary. (A) The target promoter contains fewer FOXL2 binding sites in the eyelid than in the ovary and would require a higher dose of active FOXL2, whereas the fraction of active proteins is similar in both tissues. Thus, transcription from this promoter would be reduced in the eyelid. (B) The promoter contains the same number of binding sites with similar affinity but the fraction of misfolded/aggregated proteins is higher in the eyelid than in the ovary. Since the fraction of active factor is diminished in the eyelid, transcription from this promoter would be reduced.
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polyAla tract flanked by lysine residues in Ac-K-A 7 -K-NH 2 exists predominantly in a-helical conformation (38, 39) . The pathogenicity of polyAla expansions in FOXL2 depends on several parameters including the length of the expansion, the dose of the expanded proteins and the affected tissue. Indeed, heterozygous expansions of Ala24 and Ala26 always lead to the palpebral defect. This is also the case for essentially all other mutations that have been reported in this gene. The Ala24 and Ala26 variants in heterozygous state must lead to a nuclear concentration insufficient to trigger the expression of a set of genes which are important for eyelid development, in a similar way as a nonsense mutation. In contrast, the ovarian phenotype appears only in a few cases among patients harbouring heterozygous polyAla expansions, while classical null mutations as premature stop codons lead to severe ovarian dysfunction. Thus, the ovary appears to be less sensitive to the effects of polyAla-expanded FOXL2.
In molecular terms, the difference in sensitivity between the eyelid and the ovary may have several not mutually exclusive explanations. The main target promoters in the eyelids might require a higher dose of active FOXL2 (lower number of binding sites or lower affinity?) than those in the ovary (Fig. 6A ). An alternative explanation is that mislocalization and aggregation of the mutant FOXL2 are stronger in the eyelids due to the proteomic context and then the active fraction is reduced compared with the ovary (Fig. 6B ). In the case of the ovary, the existence of inter-individual variability has been reported (Ala24 patients with and without POF). This can be explained by the existence of polymorphisms in important promoters that decrease their affinity for active FOXL2. Different environmental conditions may also have an impact on the development of ovarian dysfunction in some individuals. Polymorphic differences in the ovarian proteome (such as chaperone or proteasome concentration) might also contribute to explain inter-individual differences in response to polyAla expansions. Indeed, we have shown that the cellular context strongly influences the aggregation process.
Although our main focus is the mechanisms of pathogenesis, we cannot overlook the potential relevance of polyAla length variation in evolution. In this context, it is interesting to note that polyAla-containing proteins tend to be either transcription factors (often involved in development) or RNAbinding proteins. Moreover, it is also known that the longer the polyAla run is, the more susceptible it is of being polymorphic (11) . Thus, in normal conditions (WT), there might be an equilibrium between available and aggregated protein forms, which regulates the pool of active factors. Depending on the polyAla length, this equilibrium may be shifted towards an increase or a decrease of active forms that may have a functional impact. As we have shown above, the length of the polyAla tract can dramatically alter transactivation capacity. Thus, polymorphic polyAla tracts might explain wide morphological and physiological variation within a species. For instance, Fondon and Garner (40) have found a correlation between cranio-facial morphological parameters in different dog breeds and the ratio of the lengths polyGln over polyAla in Runx-2. The extreme phenotypes associated with the lower polyGln/polyAla ratios (i.e. shorter midface length) are similar to the clinical features of cleidocranial dysplasia (CCD), a human syndrome caused by haploinsufficiency of Runx-2. Interestingly, a mild form of familial CCD results from a 10 Ala expansion in the polyAla of Runx-2. PolyAla-containing proteins may also have an impact at a macro-evolutionary scale. Consider, for instance, that the Hox proteins, that are key determinants of development, form the largest polyAla-containing family in human (11) . However, in other vertebrates like fishes and birds, the polyAla tracts in the corresponding Hox proteins tend to be shorter or absent. Given that this may have a functional impact, as shown in this study, the pervasive differences in polyAla length in these crucial transcription factors might explain interspecies differences as well (11, 41) .
MATERIALS AND METHODS

Plasmid constructs
The constructs expressing FOXL2-Ala14-GFP and FOXL2-Ala24-GFP are those described in (19) . FOXL2-Ala(17 -37)-GFP were obtained by junction-PCR (42) . We amplified the ORF of FOXL2 in two fragments 5 0 and 3 0 using the plasmid FOXL2-Ala14-GFP as template. PolyAlaencoding tails were introduced using junction primers containing a repeat of 16 GCA (alanine codon) in order to obtain several lengths of the polyAla tract. The first fragment was amplified using primers FOXL2-a (5 0 ATGATG GCCAGTTACCCCGAG 3 0 ) and multi-Ala-reverse (5 0 (TGC) 16 CATCTGGCAGGAGGC 3 0 ). The second fragment was amplified using primers multi-Ala-forward (5 0 (GCA) 16-GGCCCCGGTAGCCCT 3 0 ) and FOXL2-V (5 0 GATCGAG GCGCGAATGCAGCGCG 3 0 ). After the first amplification, both fragments were mixed and amplified together with primers FOXL2-a and FOXL2-V to obtain the full-length FOXL2. Then, the final PCR fragments were cloned into pCDNA3.1-CT-GFP-topoTA cloning vector (Invitrogen, CA, USA) and constructs containing inserts in the right direction were selected by PCR and sequenced. Plasmids GRAS-Luc and DK3-Luc are generous gifts of B. Ellsworth (30) and E. Pailhoux (31), respectively.
Cell culture and transfection
COS-7 cells were maintained in Dulbecco's modified Eagle's medium (DMEM; Gibco-Invitrogen, CA, USA), KGN cells were maintained in DMEM-F12 (Gibco-Invitrogen) and both media were supplemented with 10% fetal calf serum (Gibco-Invitrogen) and 1% penicillin/streptomycin. Cells were seeded 24 h before transfection at 30 (COS-7) and 50% (KGN) of confluence. Cells were seeded in 24-well plates containing sterile coverslips for direct GFP visualization, 24-well plates for luciferase assays or 25 cm 3 flasks for RNA extraction. The cells were transfected using the calcium phosphate method (43) , and rinsed 24 h after transfection. Quantities of plasmid DNA used for transfections were, respectively, 1 mg per well for GFP visualization, 2 mg per plate for FRAP, total 1 mg per well for luciferase assays (i.e. 570 ng of reporter, 400 ng of GFP constructs and 30 ng of renilla) and 12.5 mg for RNA experiments. For KGN cells, which exhibit a low transfection efficiency (,30%), a second transfection was performed (tandem transfection) 24 h after the first one. We have
checked that in terms of morphology there is no change after a tandem with respect to a normal transfection. Tandem transfection simply improves vector delivery efficiency (the percentages of nuclear aggregation and cytoplasmic staining do not change).
FRAP experiments
COS-7 cells were transfected as described above in 35 mM plates, perforated and containing a sterile glass coverslip. A Zeiss confocal LSM 510 META was used for all photobleaching experiments and fluorescent image acquisitions, 48 h after transfection. The 30 mW Argon/Neon laser at 100% power was used for photobleaching (four times every 2 s). A small section of the nucleus was bleached, and images were collected every 1.632 s for 4 min. Data were collected from 5 to 10 different cells for each FOXL2 variant. Image analysis was performed with ImageJ imaging software. Photobleaching and quantification was performed as described (44 -46) .
Fluorescence microscopy
Forty-eight hours after transfection, cells transfected over coverslids were washed with phosphate-buffered saline and fixed for 15 min with 4% paraformaldehyde. Nuclei were stained with Hoechst regent (1/500) and the coverslips were mounted on slides using fluorescence mounting medium (DAKO, CA, USA). Transfected cells were visualized by epifluorescence microscopy (Nikon E600). Nuclear and cytoplasmic staining/aggregation were scored visually as described (19) . For each construct, 200-300 GFP-positive COS-7 and KGN cells were analyzed from three different experiments.
Estimation of the fluorescence/expression level of FOXl2 in COS-7 and KGN cells
In order to estimate the fluorescence/expression level of FOXL2 in both cell lines, we determined the minimum exposure time under which the cell fluorescence was imperceptible using the Nikon E600 microscope for 150 cells.
Luciferase assay
The biological activity of the several polyAla-expanded FOXL2 and the GFP empty vector (negative control) on target reporter constructs was assessed by the DualLuciferasew Reporter Assay System (Promega, Madison, WI, USA). As luciferase reporter construct we used GRAS-Luc and DK3-Luc. KGN cells were transfected as described above. A Renilla luciferase vector (Promega) was co-transfected in all experiments to monitor transfection efficiency. All luciferase results are reported as relative light units. For each replicate (five for each experiment), the firefly activity observed was divided by the activity recorded from Renilla luciferase vector, and the mean value and standard deviation of the five replicates were calculated. Luminescence was measured using EG-G Berthold Lumat LB 9507 luminometer. Statistical significances were evaluated using a Student t-test.
RNA extraction and real time RT -PCR
Twenty-four hours after the second transfection of KGN cells, total RNA was extracted using the TRIzol Reagent (Invitrogen) according to the manufacturer's instructions. RNAs were reverse transcribed using polydT primers and the SuperScript II reverse transcriptase (Invitrogen). Quantitative real time PCR was performed as described previously (32) , using the Platinum SYBR Green qPCR SuperMix-UDG system (Invitrogen) and the Roche Light-Cycler PCR apparatus. Each experiment was performed five times. Statistical significances were calculated using a one-sample t-test which compare observed and expected means (hypothetical mean value ¼ 1) (http://www.graphpad.com/quickcalcs/OneSampleT1.cfm).
